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ARTICLE INFO ABSTRACT

Keywords: Femtoseconds, ultrafast, time-resolved, fluorescence upconversion spectroscopy was utilized to investigate the
Core-shell quantum dots photo-induced emission decay dynamics of CdSe and CdSe/ZnS colloidal quantum dots whose surfaces were
CdSe stabilized with octadecyl amine (ODA). The studies focused on understanding the influence of the surface sta-
ijse/ ZnS . bilizing group on the fluorescence decay dynamics of CdSe and CdSe/ZnS and the effect of shell thickness on the
:;I;i;;isc‘:)l;;d fluorescence upconversion photo-physical properties of core-shell quantum dots. The Core-shell materials showed excellent photostability,

Fluorescence lifetime

longer rise times, and lengthy decay times.

1. Introduction

Semiconductor nanocrystals have been studied for many years due
to their optical and electronic properties; these properties can be ma-
nipulated by their size, shapes, and capping ligands. Due to the
quantum confinement effect, semiconductor colloidal quantum dots
(CQDs) have attracted significant interest among the scientific com-
munity because of their unique optical and electronic properties [1].
The core-shell CQDs were introduced to enhance the photostability of
single quantum dots by coating them with a protective layer that has a
higher band gap than the CQD [2]. These protective layers can be either
an inorganic or organic materials [3]. The inorganic materials such as
ZnS are more durable than organic materials and are known to help
improve the photoluminescence quantum yield by passivating non-ra-
diative surface trap sites [3]. Therefore, these colloidal semiconductor
materials are attractive candidates for various applications such as solar
cells [4-7], photovoltaics [8,9], light emitting diodes [10-13], and
biolabeling for medicinal applications [14-16]. A better understanding
of the excited state photophysical kinetics, dynamics, electronic prop-
erties, and optical properties of these core-shell CQDs is crucial for their
use in these applications.

Many studies have used CdSe and CdSe/ZnS core-shell CQDs
[17-26], but there are only a few studies that have reported on fluor-
escence decay dynamics, utilizing time-resolved fluorescence upcon-
version spectroscopy [8,11,27-29]. The fluorescence upconversion
spectroscopic study is the ideal technique to investigate these CQDs
systems because it can probe excited state fluorescence dynamics
without interfering with other processes, such as excited state
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absorption and ground state recovery [30]. We believe it is important
and crucial to investigate the size dependent variation of fluorescence
decay dynamics of the CdSe core-only CQDs and CdSe/ZnS core-shell
CQDs and also the effect of shell thickness on fluorescence decay dy-
namics in core-shell CQDs using ultrafast, time-resolved, fluorescence
upconversion spectroscopy inorder to use them in potential applica-
tions. We believe this kind of study will give a better understanding of
the passivation of trap sites, enhance fluorescence lifetime, and Photo
luminescent (PL) quantum yield of a single CQD by enhancing the
photostability via the inorganic shell.

In this article, the findings of a systematic investigation of size de-
pendent fluorescence decay properties of several core-only and core-
shell CQDs using ultrafast, time-resolved, fluorescence upconversion
spectroscopy are reported. Here, our main goal is to investigate the size
and the shell thickness dependence of fluorescence decay dynamics on
CdSe and CdSe/ZnS core-shell CQDs using ultrafast time resolved
fluorescence spectroscopy. When selecting the CQD systems, we in-
tended to include a new dimension to our investigation, while main-
taining the focus on our main goal. We selected to study new CdSe/ZnS
CQD systems with a different surface stabilizing group, which is not
reported or studied in depth in the literature. Capping ligands in CQD
systems play a crucial role in preventing coagulation of CQDs, surface
oxidation, and changing their optical and electronic properties.
According to our knowledge, the widely used capping ligands are
trioctylphosphine (TOP), trioctylphosphine oxide (TOPO) and hex-
adecyl amine (HAD) [2,8,17,22,27,28,31]. For our studies we selected
completely different CQD systems that are capped with octadecyl amine
(ODA). With this novel capping ligand ODA, which has the longest alkyl
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Table 1
The size distribution of CdSe (CSE) and CdSe/ZnS (CZ) QDs.

Sample Size/nm

CSE500 2.3-2.4

CSE540 2.6-3.0

CSE580 3.5-4.0

CSE600 4.3-4.7

CSE620 5.2-6.2

CSE640 6.2-7.7

CZ500 Core: 2.0-2.5 Shell: 2.0
CZ540 Core: 2.8 Shell: 3.3
CZ580 Core: 3.6 Shell: 4.0
CZ600 Core: 4.0 Shell: 4.3
CZ620 Core: 4.5 Shell: 4.5
CZ640 Core: 4.8 Shell: 4.7

chain (C;g) among the usual capping ligands that is not reported in the
literature. We intend to provide the impact of ODA capping ligand on
the optoelectronic properties and photophysical dynamics of CdSe and
CdSe/ZnS CQD systems.

Our research team believes, this fluorescence decay dynamics stu-
dies will provide knowledge to fill the gap between past and present
research works by providing detailed insight of CdSe and CdSe/ZnS
CQDs photophysical properties and probing the higher excitation dy-
namics. It should be mentioned that the theoretical investigation has
shown strong excitonic intersections in the core-shell CQDs [32]. Si-
milarly, we believe our investigations will complement the work that
has been done by other renowned researches in the field
[17,20,23,33-40].

2. Materials and methods

For the study given in this article, two sets of six samples of ODA
capped CdSe and CdSe/ZnS CQDs having the same absorptions and
emissions were purchased from NN Labs. The sizes of the QDs used in
this study are shown in Table 1.

The CQD samples were dispersed in toluene. The absorption mea-
surements were performed using CARY 60 UV-VIS spectrophotometer
and steady state fluorescence measurements were obtained by using the
SHIMADZU RF-5301PC spectrofluorometer. The time-resolved fluores-
cence upconversion studies were performed utilizing the NEWPORT
time-resolved fluorescence spectrometer (TRFLS) that is shown in
Fig. 1. The TRFLS is a hybrid fluorescence upconversion and time-
correlated single photon counting instrument. In this iteration of
TRFLS, the fundamental output beam from the oscillator (Spectra
Physics Mai Tai HP) is split in to two. One portion is sent to generate a
second or third harmonic excitation beam (Spectra Physics / GWU
UHG) and the residual served as the gate for upconversion. The gate
beam is passed to a gold coated broadband hollow retroreflector
with < 1” parallelism (Newport UBBR2.5-1I) mounted on a computer
controlled translation stage (New-port ILS250CC). The beam makes
four passes up and down the stage, resulting in a maximum delay time
of 3.3 ns. The gate beam is focused by an antireflection coated lens
(New-port AR.16) onto the upconversion crystal (BBO, type I). The
fluorescence pump beam enters the TRFLS enclosure separately and has
polarization set by a broadband UV-VIS wave plate, and is focused onto
the sample by an UV-VIS antireflection coated lens. The fluorescence is
collected and collimated by a visible achromatic aspheric lens. The
residual pump light is removed by a dielectric long pass filter. The
fluorescence is turned and focused onto the upconversion crystal by an
achromatic lens. The fluorescence and gate cross at a small angle
(< 10°) in the upconversion crystal. The upconversion crystal is
mounted on a motorized rotation stage and the phase matching angle is
controlled automatically by the software after the generation of a
tuning curve depending on the wavelength of the gate beam and
fluorescence. The upconverted fluorescence is filtered to remove
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Fig. 1. TRFLS layout, red lines indicate the gate beam (800 nm), blue lines represent the
excitation beam, green lines are the fluorescence beam and purple lines are upconverted
beam. EM1-6 are external mirrors, HWP1-2 are half wave plates, M1-10 are mirrors, L1-5
are lenses, and F1-3 are filters. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

contributions from the second harmonic of the gate and of the fluor-
escence using a combination of colored glass and dielectric filters and is
focused into a computer controlled monochromator (Newport CS130)
by an ultraviolet-let antireflection coated lens (Newport AR.10). The
monochromator input and output slits are variable and are controlled
by micrometer. The upconverted light is resolved as a wavelength and
is detected by a PMT optimized for photon counting in the ultraviolet
region of the spectrum (Hamamatsu). The single photons are counted
by a time-correlated single photon counting (TCSPC) board (Becker &
Hackle) and displayed in the TRFLS software or recorded in a file when
acquiring data.

3. Experimental

The time-resolved, fluorescence upconversion experiments were
carried out as follows: 1.0 mL of 1 mg/mL of CQD sample was placed
into a rotating cell (50 rpm). The cell constructed by placing a 1 mm
thickness teflon spacer between two quartz plates, and we placed the
sample in between two quartz plates. Two teflon spacers were placed on
top and bottom of these quartz plates and this was inserted and tighten
to a rotating compartment. The gate beam was set to 800 nm and a
400 nm excitation beam was generated using SHG. All samples were
excited at an excitation power of 35 mW. The fluorescence beam and
the gate beam were directed to overlap within the nonlinear crystal.
The nonlinear crystal was rotated to get the maximum phase matching
angle and hence the maximum upconversion signal. The upconverted
signal was generated by mixing the fluorescence and fundamental fre-
quencies in BBO crystal. This is done by generating the sum frequencies
of the gate and the fluorescence beams as represented in Eq. (1),

@

-1 _ -1 -1
Aupconverted = Agate + 1ﬂu0rescence

Instrumental response function (IRF) was determined by placing
water into the rotating cell and upconverting the scattered excitation
beam with the gate beam. IRF was calculated to be ~ 80 fs fwhm. For
all samples, upconversion spectra were generated for parallel polar-
izations of excitation by doing at least five scans for the first 40 ps. All
the scans for a given wavelengths were added, averaged, and normal-
ized. The decay fit was done using second order decay equation, shown
in Eq. (2). The A;, A, are amplitudes associated with decays and 73, 7
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are the decay constants.

y=4 exp(%c) + A exp(%) +% 2)

The fluorescence lifetime (tg;) of the CQD samples were measured
using Horiba Fluorolog TCSPC instrumentation. All samples were ex-
cited using 360 nm nano LED diode and collected emitted fluorescence
at each respective emission wavelengths of studied CQDs. Lifetimes
were calculated fitting into two exponential decay function, which is
mentioned above in the Eq. (2).

Photoluminescence (PL) quantum yields were calculated using
1 mg/mL coumarin 153 (C153) in an ethanol solution. This was taken
as a known reference for PL quantum yield calculations, measuring the
emissions by exciting at the same excitation wavelength used to excite
CQDs. The emission wavelength range was set as the same emission
range used for the above CQDs samples which was 410 — 780 nm. The
fluorescence quantum yield was calculated using the equation showing
in the Eq. (3). In the Eq. (3), QY is the PL quantum yield of the CQD
samples and QY. is the PL quantum yield of the reference sample
which is 0.5444 for C153. 47 is the refractive index of the solvent used
for the CQDs. Here, the CQDs were dispersed in toluene and the
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refractive index for toluene is 1.4968. nfef is the refractive index of the
solvent of the reference sample and for our case the solvent is ethanol
and the refractive index of ethanol is 1.3616. I and I, are the integrated
fluorescence intensities of the CQDs and the reference sample respec-
tively. Finally, A and A, are the absorbance of the CQDs and the re-
ference sample at the excitation wavelength.

2 I A
QY = QY 222
Ny A Ly

3

From measured fluorescence lifetime (zz) and calculated PL
quantum yields (QY), the radiative lifetime (z,) and nonradiative life-
time (z,) were calculated using the Egs. (4) and (5) mentioned in
below.
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Fig. 2. Normalized UV-Vis absorbance spectra of a) CdSe, ¢) CdSe/ ZnS and fluorescence (A\.x at 400 nm) spectra of b) CdSe, d) CdSe/ZnS CQDs in toluene.
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Fig. 3. Normalized time-resolved, fluorescence decay spectra of a) CSE500 and CZ500 (A, 520 nm), b) CSE540 and CZ540 (Aem 540 nm), ¢) CSE580 and CZ580 (Aem 604 nm), d) CSE600
and CZ600 (Aem 632 nm), e) CSE620 and CZ620 (Aem 640 nm), f) CSE640 and CZ640 (Aem 670 nm). The blue line graphs represent decay profile of CdSe materials and red graphs
represent decay profile of CdSe/ZnS core/shell materials excitation with 3.102 eV. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

4. Results and discussion

Fig. 2 shows the absorption and emission spectra of the samples
investigated. The absorption measurements of six CdSe CQD samples
showed absorption maxima at 500, 540, 580, 600, 620, and 640 nm.
The excitation of these samples at 400 nm showed the fluorescence
maxima at 520, 557, 605, 623, 645, and 663 nm respectively. Similarly,
CdSe/ZnS showed absorption maxima at 500, 540, 580, 600, 620, and
640 nm and respective fluorescence emission maxima at 520, 565, 607,
620, 637, and 655 nm with 400 nm excitation.

The excitation with 3.102 eV results in populating the higher energy
states of most of the studied CQDs except CSE500 (4.22 eV) and CSE540
(3.45 eV). As shown in Fig. 3, the upconverted fluorescence emission
decay dynamics of CdSe and CdSe/ZnS showed two different distinct
decay profiles.

The CdSe CQDs showed multi exponential decay while the CdSe/
ZnS CQDs showed very different decay kinetics. In the case of CdSe
core-only CQDs, the fluorescence decay, showed a fast decay compo-
nent and a slower decay component. Whereas, the fluorescence decay
of CdSe-ZnS core-shell CQDs did not show a fast fluorescence decay
component.

CdSe/ZnS CQDs show the longer rise times and a longer fluores-
cence decay component. This is because of the ZnS shell passivates the
nonradiative trap states on CdSe core making the core more photo
stable [24,41]. These observations clearly suggest that the shell of core-
shell CQDs plays a key role in determining the photophysical properties
of these core-shell CQDs. Inorder to obtain the fluorescence decay ki-
netic data, the fluorescence decay of CdSe and CdSe/ZnS core-shell
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CQDs was fitted with the two exponential decay function given in Eq.
(2), by deconvoluting with the IRF. Fig. 3 also shows the change in the
fluorescence decay profiles with core and core-shell materials even
though they have the same absorptions and emissions. The CdSe/ZnS
also showed fluorescence decay profiles, which have a range of size-
dependent rise times. Similarly, the ZnS capped core-shell CQDs show
good photostability [24,41] and the longer decay can be attributed to
the quenching of non-radiative recombination processes at the surface
of the luminescent CdSe core.

The calculated fitting parameters for fluorescence decay using
fluorescence upconversion studies are given in Table 2.

According to the data shown in the Table 2, the ODA capped CdSe

Table 2
Calculated fitting parameters from fluorescence upconversion studies.

Sample A, A, T,/ Pps T2/ PS
CSE500 0.78 0.22 1.19 10.46
CSE540 0.57 0.33 1.56 11.58
CSE580 0.44 0.37 1.86 12.71
CSE600 0.36 0.33 3.69 21.65
CSE620 0.57 0.30 0.70 10.35
CSE640 0.12 0.33 1.95 12.33
CZ500 0.17 0.07 11.97 0.64
CZ540 - 0.10 - 0.95 11.34 0.60
CZ580 — 0.04 - 0.88 4.18 0.42
CZ600 — 0.06 - 0.85 5.73 0.60
CZ620 - 0.04 - 0.97 2.24 0.45
CZ640 - 0.11 - 0.89 3.60 0.59
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Table 3
The calculated PL quantum yield (QY), fluorescence lifetime (tgy), radiative lifetime (t,)
and nonradiative lifetime (t,,) data.

Sample QY TpL / NS 1./ ns Tor / DS
CSE500 0.456 0.577 1.27 1.06
CSE540 0.489 1.60 3.27 3.13
CSE580 0.336 9.41 28.0 14.2
CSE600 0.322 14.0 43.4 20.7
CSE620 0.398 10.2 25.6 16.9
CSE640 0.392 41.9 106.9 68.9
CZ500 0.604 10.6 17.5 26.8
CZ540 0.640 17.7 27.7 49.2
CZ580 0.505 41.4 82.0 83.7
CZ600 0.476 41.8 87.8 79.8
CZ620 0.377 37.7 99.9 60.6
CZ640 0.293 25.4 86.6 35.9

CQD has a fast decay component due to the short-lived species with
time constant t; ~ 1-3 ps. It should be noted that ODA capped CdSe
core-only CQD with the same size follows a similar trend reported in the
literature with different capping ligands [28,31]. Both of these decay
components showed a gradual lengthening of the decay times with size
of the CQD. In our study, we observed shorter decay followed by a
longer decay for CdSe/ZnS materials, which may be due to passivating
of non-radiative e/h™ recombination at the defect sites on the CdSe
surface. To gain a clear understand about photophysical dynamics, it is
necessary to calculate radiative and nonradiative lifetimes using cal-
culated PL quantum yields and calculated fluorescence lifetimes. From
TCSPC studies we calculated the fluorescence lifetime and combining
Egs. (3)-(5) we calculated the radiative and nonradiative lifetimes of
studied CQDs. The calculated PL quantum yields (QY), fluorescence
lifetimes (tgr), radiative lifetimes (t,.) and nonradiative lifetimes (t,.)
are shown in the Table 3. The fluorescence lifetime (tg;) of these ma-
terials were calculated taking the average of three trials.

According to the Table 3, the core-shell CQDs show increase of PL
quantum yields compared to the core-only CQDs. This is because the
passivation of nonradiative recombination sites on core by the ZnS shell
[2]. Furthermore, the greatest PL quantum yield of core-shell CQDs ~
64% may be due to the surface capping group ODA. We believe that
ODA plays a crucial role in influencing the PL quantum yield of these
studied CQDs. Moreover, according to the Table 3, we observed an
increase of PL quantum yield of core-shell CQDs up to a certain shell
thickness (CZ540), PL quantum yield ~ 64% and started to decrease
and further decreased up to ~ 29.3% with an increase of shell thick-
ness. This is a similar trend observed by Dabbousi et al. working with
CdSe/ZnS core-shell CQDs with different ZnS monolayer coverages [2].
This decrease of PL quantum yield in thicker shells can be due to defects
in the ZnS shell [2,42,43]. We observed that any further increase in the
shell thickness after the sample CZ600 causes the decrease of fluores-
cence lifetime in core-shell materials. As shown in Table 3, in core-shell
materials, the fluorescence lifetime increases up to sample CZ600,
which has a 4.3 nm shell thickness. After that shell thickness, the
fluorescence lifetimes started to decrease. For the sample CZ620 with
4.5 nm shell it decreases and further decreases for the sample CZ640,
which has the thicker shell among all core-shell CQD samples studied.
The radiative lifetime of all CQD sample increase. This may be due to
the increase of photo excited excitons going through the hole trapping
pathways making the radiative processes more dominant [11]. Increase
of radiative lifetimes in core-shell CQDs can be attributed to the in-
crease of trap emissions with increase of shell thickness due to lattice
strain and non-uniformity of shells [2,38,44]. Similarly, we can see the
increase of nonradiative lifetime for core-shell materials up to the
sample CZ580, followed by decrease slightly and further decreased with
increase of shell thickness. The increase of nonradiative lifetime in thin
shell CQDs may be due to the larger lattice mismatch between CdSe and
ZnS (12%) [27]. This lattice mismatch creates additional defects in
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Table 4
Calculated radiative and nonradiative rate constants for CQD samples.

Sample ke/s™ ! Knr /871

CSE500 7.90 x 108 9.43 x 10°
CSE540 3.06 x 10° 3.19 x 108
CSE580 3.57 x 107 7.06 x 107
CSE600 2.30 x 107 4.84 x 107
CSE620 3.90x 107 5.90 x 107
CSE640 9.36 x 10° 1.45 x 107
CZ500 5.70 x 107 3.73 x 107
CZ540 3.62 x 107 2.03 x 107
CZ580 1.22 x 107 1.20 x 107
CZ600 1.14 x 107 1.25 x 107
CZ620 1.00 x 107 1.65 x 107
CZ640 1.15 x 107 2.78 x 107

core-shell interface, providing poor confinement to excitons in thinner
shells [45]. The decrease of nonradiative lifetime of core-shell CQDs
with increase of shell thickness may be due to the thicker shells giving
superior confinement to excitons [45]. For core-only CQDs, according
to the data showing in Table 3, fluorescence lifetime, radiative lifetime
and nonradiative lifetime increased with the increase of CQD size. This
may be due to the lowering of band gap energy with the increase of
CQD size, which facilitates the excitation of more excitons to higher
excitation states, hence an increase of fluorescence life time and ra-
diative lifetime. Further, this may also be due to the less e /h™ overlap
with the increase of CQD size resulting less surface interactions. The
increase of nonradiative lifetimes of core-only materials may be due to
increase interactions with surface capping ligand which can make
dangling bonds between surface Se atoms and facilitate nonradiative
emissions. This suggests that shell thickness has great influence on
photophysical dynamics of core-shell CQDs.

For better interpretation of our findings, the radiative rate constants
(k,) and nonradiative rate constants (k,,) were calculated using lifetime
data showing in Table 3. These calculated rate constants are provided in
the Table 4.

According to Table 4, the nonradiative rate constants for core-only
materials are larger compared to core-shell materials and it is clear that
the shell helps to diminish the nonradiative pathways, making more
photo stable cores. However, after certain shell thickness, the non-
radiative decay constants increased gradually. As we discussed before,
that may be due to the large lattice mismatch of CdSe/ZnS core-shell
CQD, there may be a non-uniformity on shells with defects on shell
surfaces [38,44]. We believe thicker shells cause to enhance trap
emissions, distorting CdSe spherical core symmetry [24] which implies
the increase of radiative lifetimes. Non-uniformity of shells can make
dangling bonds with surface ligands and elongating bonds, which all
facilitate the decrease of PL quantum yields by creating more defects,
vacancies on the CQD surfaces. Furthermore, elongation of bonds may
be caused to non-radiative vibrational energy transfer processes to the
surface ligand which shows by slightly enhancing the nonradiative rate
constants in Table 4. However, with the increase of nonradiative rate
constant, the PL quantum yield is supposed to decrease but for our
studies, according to the data shown in Table 4, radiative rate constants
also increase simultaneously with the increase of nonradiative rate
constants. Hence we are not observing a considerable change of PL
quantum yields with increase of nonradiative rate constants.

The TCSPC data shows longer fluorescence lifetime for core-shell
materials with compared to core-only materials. This is true because
shells can passivate non-radiative trap sites and defects on the core and
also promote radiative processes which we discussed before.

In comparison to the CdSe CQD samples, we observed that CdSe/
ZnS core-shell materials showed a longer rise times. This is mainly due
to the surface passivation of non-radiative emitting sites, avoiding
oxidation of surface Se atoms and also enhancing the exciton generation
on nano crystal surfaces by ZnS shell. According to the graphs on Fig. 3,
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Table 5
Calculated rise time of CdSe (CSE) and CdSe/ZnS (CZ).

Sample Rise time / ps Sample Rise time / ps
CSE500 0.57 CZ500 0.58
CSE540 0.52 CZ540 1.62
CSE580 0.58 CZ580 0.99
CSE600 0.81 CZ600 1.45
CSE620 0.49 CZ620 1.02
CSE640 0.76 CZ640 1.02

CdSe CQDs excite at 400 nm (3.102 eV) and show short rise times
averaging of 0.62 ps. However, CdSe/ZnS CQDs show longer rise times
with an average of 1.11 ps due to the shell hindering the fast decay
components in the core. This make stable surfaces towards photo-oxi-
dation, avoiding defects emissions and nonradiative e /h* recombina-
tion on the core surface. The calculated rise times for CdSe and CdSe/
ZnS CQD samples are listed in the Table 5.

Although we are not observing a good correlation between the rise
times and the size distribution of CQDs mentioned in Table 4, we can
see in core-shell materials, a saturation of excitons after a certain shell
thickness. As shown in Table 5, CZ620 and CZ640 show approximately
the same rise times. This suggests that after a certain shell thickness,
excitons cannot excite to a higher excitation state. Thicker shells may
hinder further excitations to higher energy states.

5. Conclusion

In conclusion, we have successfully studied and, for the first time,
reported the data on ODA capped CdSe and CdSe/ZnS CQDs. The stu-
dies show that, I) the higher excitation, photoinduced dynamics vary in
core-only and core-shell materials, II) the effect of the size of CQDs on
the higher excitation fluorescence decay dynamics, and III) the influ-
ence of the shell thickness on the fluorescence decay dynamics in CdSe/
ZnS core-shell CQDs utilizing femtosecond, time-resolved fluorescence
upconversion spectroscopy. The CdSe CQDs with the ZnS shell show
good photostability and a large rising time due to passivation of the
core by the ZnS shell, which creates stable surfaces for photo-oxidation
and diminishing of nonradiative emissions on the core surface. In this
study, we are able to show the way shell thickness affects photostability
and photophysical dynamics of these core-shell CQD materials by en-
hancing radiative lifetimes and diminishing nonradiative lifetimes due
to the passivation of non-radiative trap sites on CdSe cores using
fluorescence decay studies. Further, we are able to show the shell
thickness dependence photophysical dynamics of these CQDs probing
the fluorescence decay dynamics. According to the best of our knowl-
edge, this is the first time reporting the effects of shell thickness on
core-shell CQDs using a systematic comparative study of fluorescence
decay dynamics of core and core-shell CQDs.

In the literature, it has been shown that different dimensions of
core-shell CQD change their photoinduced dynamics with the shell
thickness [46]. We are continuing our investigations to understand the
effect of different geometries of core-shell materials on the photo-
induced dynamics of CQDs.
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